Abstract Microwave-assisted synthesis, photophysical and electrochemical properties of thermal-stable naphthalene benzimidazoles and naphthalimides are studied in this paper. Microwave-assisted synthesis of naphthalene benzimidazoles provide higher yields than the conventional thermal synthesis. Comparative photophysical properties of naphthalene benzimidazoles and naphthalimides are revealed that conjugation of electron-donating group onto naphthalimide moiety increases fluorescence quantum yields. Fluorophore-solvent interactions are also investigated using Lippert-Mataga equation for naphthalimides and naphthalene benzimidazoles. Thermal stabilities of naphthalene benzimidazoles are better than naphthalimides due to increased aromaticity. The experimental E LUMO levels of naphthalene benzimidazoles are found to be between 3.15 and 3.28 eV. Therefore, naphthalene benzimidazole derivatives consisting of anchoring groups are promising materials in organic dye sensitized solar cells.
Introduction
Naphthalimides are well-known as promising anticancer agents showing broad-spectrum activity against a variety of human solid tumor cells [1, 2] . Several derivatives have reached the phases of clinical trials [3] . N-Substituted 1,8-naphthalimides find a wide range of applications as organic dyes and luminophores.
1,8-Naphthalimides are generally fluorescent compounds for which a series of biological (local anesthetics [4] , DNA cleaving agents [5] , tumoricidals [6] and non-biological optical brighteners [7] , lucifer dyes [8] ) applications have been found. 1,8-Naphthalimide and bisnaphthalimide derivatives are promising anticancer agents [9, 10] , the sulfonated derivatives are good antiviral agents with selective in vitro activity against the human immunity deficiency virus, HIV-1 [11] . Due to their photo-physical and photo-chemical properties the 1,8-naphthalimide derivatives can be used as fluorescence dyes for solar energy collectors and photosynthesis under concentrated sunlight [12] , fluorescent markers in biological cells [13] as well as laser active media [14] [15] [16] . Recently, naphthalimides have also found applications in organic thin film field-effect transistors (OFETs), integrated circuit, displays, memory cards, chemical and pressure sensors, smart price tags and labels [17] .
The electronic absorption and emission spectra of naphthalimides are effected by substitutions. In general, naphthalimides present lower fluorescence quantum yields. Photophysical behaviors of naphthalene benzimidazoles are different from naphthalimides. Conjugation of electrondonating groups onto naphthalimide moiety increases fluorescence emission. This study presents the microwave assisted synthesis of thermal-stable naphthalene benzimidazoles. Fluorescence quantum yields of NB_I and NB_II are found to be 0.36 and 0.60, respectively. This is very similar to what we calculated in the case of naphthalene benzimidazole (NB_I) derivative [18] [19] [20] . The photophysical and electrochemical properties of naphthalene benzimidazoles (NBs) were compared to naphthalimides (NIs). Conventional thermal synthesis of naphthalimides requires 8-10 h. Instead of this conventional process, we have used microwave method to synthesize naphthalimides and naphthalene benzimidazoles. We obtained 85-90% yields with microwave heating in 20 min. When compared with conventional thermal heating method, microwave heating method has some advantages such as high reaction yield, faster reaction time, rapid heating of the medium, enhanced reaction selectivity and saving energy due to completed reactions in short time.
And also, general and specific solvent effects of naphthalene benzimidazoles (NBs) and naphthalimides (NIs) were investigated using Lippert-Mataga equation. Molecular structures of naphthalimide (NI) and naphthalene benzimidazole (NB) derivatives are presented in Table 1 . Experimental Materials 1,8-Naphthalic anhydride, 2-ethyl hexyl amine, butyl amine, o-phenylene diamine, 3,4-diamino pyridine, anthracene were purchased from Aldrich. Quinine sulfate was supplied from Acros Organics. The fluorescence quantum yields of naphthalene benzimidazoles were measured using quinine sulfate as the reference compound ('f=0.546 in 1N H 2 SO4). All solvents were of spectroscopic grade and were used without any further purification.
Materials Characterization
The UV-vis absorption spectra were recorded in an Analytic JENA S 600. Fluorescence spectra were obtained in a PTI QM1 fluorescence spectrophotometer. Concentrations were arranged to 10 −6 M in order to avoid aggregation or reabsorption effects for absorption, fluorescence and quantum yield measurements. Table 2 . E LUMO energy levels of naphthalene benzimidazole derivatives are higher than the conduction band of TiO 2 , E CB (TiO 2 ) = 4.2 eV. Naphthalene benzimidazole derivatives absorb in the visible region. They are promising materials for organic photovoltaics [21, 22] .
Results and Discussion
Thermal Stabilities of Naphthalimide (NI) and Naphthalene Benzimidazole (NB) Derivatives Thermal stabilities of synthesized compounds are determined using thermal gravimetry measurements. TGA curves of NI_II and NB_I are presented in Fig. 2 . Naphthalene benzimidazole derivatives are found to be more stable than naphthalimide derivatives. Decomposition temperature of naphthalimides starts from 200°C and ends at 341°C, Fig. 2 (a); the temperature range for naphthalene benzimidazoles is between 300°C and ends at 415°C, Fig. 2(b) . Naphthalene benzimidazole derivatives have high thermal stabilities, pointing their favorability in photovoltaic applications.
Absorption and Fluorescence Emission of Naphthalimide (NI) and Naphthalene Benzimidazole (NB) Derivatives
The UV-vis absorption spectra and fluorescence emission spectra of NI and NB derivatives have been studied in various solvents of different polarity and the spectral data have been collected in Table 1 . UV-vis Absorption and fluorescence emission spectrs of NI and NB derivatives were taken in acetonitrile, DMF, dichloromethane, THF, methanol and hexane in Figs. 5 and 6. Quantum yields were calculated using fluorescence quantum yield standards. Excitation wavelengths of NIs and NBs are determined as 333 nm and 350 nm, respectively. Fluorescence quantum yields of the NIs and NBs, measured in acetonitrile, are collected in Table 5 . Among compounds, N-butyl and N-2-ethylhexyl substituted naphthalimides give three characteristic band at 320 nm, 334 nm, 349 nm in Table 3 . Table 5 . Absorption bands of naphthalene benzimidazole and 1,8-naphthalene(3,4-pyridine imidazole) range from 300 nm to 430 nm in different solvents, Table 4 . As shown in Table 5 , NB_I and NB_II have wavelengths of maximum emissions of 469 nm and 492 nm. The results show that electron-donating substituents such as phenylene onto naphthalimide moities had very strong influence on the absorption, fluorescence emission and lead to a red-shifted phenomena.
N-butyl and N-2-ethylhexyl-1,8-napthalimides display a weak fluorescence quantum yields; Φ f = 0.018 and 0.011, respectively. In agreement with literature data, E. Martin et al. and V. Wintgens et al. have reported that the low value of fluorescence quantum efficiency for naphthalimides is associated to an effective intersystem crossing (ISC) between the singlet excited state S 1 and the nearby triplet state; the ISC efficiency is reported around 0.95 and 1.0 in acetonitrile and hexane solution, respectively [21] [22] [23] . On the other hand, 1,8-naphthalene benzimidazole having an electrondonating substituent are highly fluorescent. The presence of a conjugated electrondonor group condensed onto the naphthalimide moiety alters the emission spectra considerably (Figs. 5 and 6 ). These substituents cause high red-shifts in fluorescence spectra (Δλ f : 89-112 nm) and substantially increase the fluorescence yields (Φ f ) from 0.011, 0.018 to 0.36, 0.60, (Figs. 3, 4 and Table 5 ). NB_I shows higher fluorescence quantum yield of 0.36, with respect to naphthalimides of NI_I and NI_II, a clear observation of enhanced conjugation effect by phenylene ring condensation. Highest quantum yield observed for NB_II (Φ f = 0.60). The presence of electron donating substituents may also increase the separation between the singlet (S 1 ) and its closer triplet excited state, thus decreasing the intersystem crossing (ISC) and favoring the fluorescence deactivation channel [24] [25] [26] [27] [28] [29] [30] [31] [32] (Figs. 5 and 6) .
The band position of Absorption and emission spectra for NIs and NBs depend on the change in solvent's polarity. We also tried to examine the effect of solvent's polarity on the molecular structures. The Absorption bands of naphthalimides are revealed an influence of the solvent's polarity. The solvent effects the characteristics of the spectra of solute molecules. The responses of NI and NB derivatives to solvent polarity can be analyzed in terms of the difference in the dipole moments in the ground and excited states. This can also be further estimated from a Lippert-Mataga plot (Fig. 7) , which is essentially a plot of the Stokes shift of the fluorescence emission vs the solvent polarity. The difference in the maximum absorption and emission wavelengths, expressed in wavenumbers ð$U Þ, is fitted to the following equation. The difference between the maximum absorption and emission wavelengths, expressed in wavenumbers (νa-vf), is correlated with the solvent polarity parameter (Δ f ).
Where, μe − μg is the difference (Δμ) between the dipole moments of the excited and the ground states, respectively, c is the velocity of light,, and R is the radius of the Onsager cavity around the fluorophore. The parameters ε and n are the solvent dielectric constant and refraction index, respectively, which are grouped in the term Δf, known as orientation polarizability. A plot of ΔU versus Δ f gives Δμ [33] [34] [35] .
The linearity of these plots is often regarded as evidence for the dominant importance of general solvent effects in spectral shifts. Specific solvent effects lead to nonlinear Lippert Plots. General solvent effects are due to the interactions of the dipole of the fluorophore with its environment. Specific solvent effects is because of fluorophore-solvent interactions and specific effects can be due to hydrogen bonding or charge-transfer interactions. Stokes' shifts for NI and NB derivatives have been calculated in various solvents of different polarity and the data have been collected in Tables 3 and 4 . As a result, it is found that Lippert curves for NI derivatives are non-linear, Lippert curves for naphthalene benzimidazoles are linear (Fig. 7) .
Conclusion
In conclusion, thermal-stable naphthalene benzimidazoles were successfully synthesized. Absorption and emission spectra were studied in different solvents. Moreover, it was observed that phenylene groups onto naphthalimide moiety effect the Absorption and emission wavelengths, quantum yields, thermal stabilities and electrochemistry of naphthalene benzimidazoles. Naphthalene benzimidazole compounds may serve as good light-emitting materials, because they emit light in the range of 420 nm-630 nm. E LUMO values of naphthalene benzimidazoles are found to be between 3.15 and 3.28 eV. Naphthalene benzimidazole derivatives can inject electrons to the conduction band of titanium dioxide in dye sensitized solar cell. Naphthalene benzimidazole derivatives are also promising materials in organic solar cells. solvents (a, b, c,  d ). The numbers refer to the following solvents: 1, hexane; 2, THF; 3, dichloromethane; 4, DMF; 5, acetonitrile; 6, methanol TBAG_106T061 and the Alexander von Humboldt Foundation of Germany and European Science Foundation (ESF) for research supports. I thank Mechanical Engineer DI. Cagatay Ela for proofreading.
